There is great interest in using stem cells (SC) to regenerate a deficient urethral sphincter in patients with urinary incontinence. The smooth muscle component of the sphincter is a significant contributor to sphincter function. However, current translational efforts for sphincter muscle restoration focus only on skeletal muscle regeneration because they rely on adult mesenchymal SC as cell source. These adult SC do not yield sufficient smooth muscle cells (SMCs) for transplantation. We may be able to overcome this limitation by using pluripotent stem cell (PSC) to derive SMCs. Hence, we sought to investigate whether smooth muscle precursor cells (pSMCs) derived from human PSCs can restore urethral function in an animal model generated by surgical urethrolysis and ovariectomy. Rats were divided into four groups: control (no intervention), sham saline (surgery + saline injection), bladder SMC (surgery + human bladder SMC injection), and treatment (surgery + pSMC injection, which includes human embryonic stem cell (hESC) H9-derived pSMC, episomal reprogrammed induced pluripotent stem cells (iPSCs)-derived pSMC, or viral reprogrammed iPSC-derived pSMC). pSMCs (2 · 10 6 cells/rat) were injected periurethrally 3 weeks postsurgery. Leak point pressure (LPP) and baseline external urethral sphincter electromyography were measured 5 weeks postinjection. Both iPSC-derived pSMC treatment groups showed significantly higher LPP compared to the sham saline group, consistent with restoration of urethral sphincter function. While the difference between the H9-derived pSMC treatment and sham saline group was not significant, it did show a trend toward restoration of the LPP to the level of intact controls. Our data indicate that pSMCs derived from human PSCs (hESC and iPSC) can restore sphincter function.
Introduction

S
tress urinary incontinence (SUI) is a major health problem with significant social and economic impact [1] . SUI is associated with a deficient urethral sphincter that cannot generate sufficient closure pressure to resist the increase in abdominal pressure during physical activity. Current treatment options include pelvic floor exercise [2] , bulking agent injections into the urethral tissues, or surgery with placement of permanent mesh [3] [4] [5] . The injection of bulking agents is less invasive than surgery, but achieves variable short-term results. The need for repeat injections and persistent leakage limits its overall success. The surgical midurethral sling is efficacious for the majority of patients, but not everyone is responsive and recurrent leakage can occur years after the initial surgery, leaving a population of patients with few other options.
The urethral sphincter relies on mechanical integrity of striated and smooth muscle cells (SMCs) for effective urethral closure and continence [6] . The internal urethral sphincter, consisting of primarily SMCs, is a significant contributor to overall continence. Currently there is no therapy to restore function to this portion of the urethra. Stem cell (SC)-based therapy is attractive because it is thought that SCs can replace the specific cell types necessary to restore function. Various sources of SCs have been studied. Mesenchymal stem cells utilized in several studies were obtained from a variety of adult and fetal tissues [5] [6] [7] [8] . So far, these adult mesenchymal stem cells have yielded promising results in preclinical and animal studies [9] [10] [11] [12] [13] [14] [15] . The SC-like cells for transplantation obtained from these adult tissues contain a heterogeneous mixture of mesenchymal cells, such as myoblasts at various stages of differentiation originating from satellite cells, mesenchymal stem cells, striated muscle cells, and fibroblasts. Some studies show that only a small fraction of the injected mesenchymal stem cell mixture ultimately differentiate into SMCs in situ [12, 16] . Therefore, there are insufficient cells destined specifically to restore the smooth muscle component of the sphincter. Furthermore, all these cells possess senescence and epigenetic changes from the adult donor, which limits the total number of cells that can be harvested and expanded from the tissue biopsies.
Human embryonic stem cells (hESCs) are pluripotent stem cells (PSCs) capable of self-renewal and differentiation into all three embryonic (ectoderm, mesoderm, and endoderm) lineages. They are also devoid of senescence and have minimal epigenetic changes, suggesting that they may be an improved SC source for regenerative therapies. Evolving technologies have enabled the genetic reprogramming of somatic cells into induced pluripotent stem cells (iPSC), which possess many of the PSC properties. This has opened up a new cell source for autologous SC therapies. Therefore, in this study, we sought to investigate whether PSCs such as hESCs and patient-specific iPSCs can be used as a SC source for derivation of a pure population of smooth muscle precursor cells (pSMCs) and whether transplantation of these precursor cells can restore urethral function in a SUI rat model.
Materials and Methods
The Institutional Review Board of the Stanford University School of Medicine and the Stanford University Stem Cell Research Oversight Committee approved this study. The animal protocols were approved by the Stanford Animal Research Committee. A total of 108 adult female Virgin, Rowett Nude (RNU) rats, ages 11-12 weeks were used for this study.
Bilateral ovariectomy (bilateral salpingo-oophorectomy) A 1.5-2 cm low-vertical abdominal incision is made in the rat. The ovaries are exteriorized through the abdominal incision by grasping the periovarian fat. A 4-0 absorbable suture is used to ligate the junction between the fallopian tube and the ovary together with all the accompanying blood vessels and fat. The ovaries are transected and the fallopian tubes are returned into the abdominal cavity.
Urethrolysis
Urethrolysis is performed as described by Rodriguez et al. [17] , except with a minor modification. The fatty tissue in front of the bladder neck, rather than the bladder, is pulled during the urethral dissection. We introduced this modification to minimize trauma to the bladder. The proximal and distal urethra is detached circumferentially by incising the endopelvic fascia and separating the urethra from the anterior vaginal wall and pubic bone by sharp dissection.
Cell preparation
Human bladder smooth cells (passage 3; LONZA) are used as terminally differentiated cell treatment for comparison with pSMC treatment. They are cultured in 90% Dulbecco's modified Eagle's medium and 10% fetal bovine serum (Fisher Scientific) at 37°C in an atmosphere of 95% air and 5% CO 2 . Cells are transplanted into the animals at passage 7.
Human pSMCs are differentiated from hESCs [luciferase (Fluc)-tagged H9 line, a gift from Dr. Joseph Wu, Stanford University], retrovirus reprogrammed PSCs (iPSCs), and episomal vector reprogrammed PSCs (Epi-iPSCs). The iPSC (a gift from Dr. Michele Pamela Calos, Stanford University) and Epi-iPSC lines were reprogrammed from fibroblasts from two separate donors. The reprogramming methodology is as described by Takahashi et al. and Nguyen et al. [18, 19] and by Yu et al. [20] , respectively. G-banded karyotyping of iPSC was performed as previously described by WiCell [21] . To track cells by imaging techniques, a fraction of the pSMCs is differentiated from SCs transfected with modified attB donor plasmid encoding luciferase gene. Luciferase (Luc)-tagged progenitor smooth cells were used for in vivo tracking.
Human pSMCs are differentiated from iPSCs and ESCs (H9) using a modified, feeder cell-free, vascular progenitor protocol as previously described [22, 23] . Briefly, the SCs are cultured in chemically defined media [RPMI 1640 with 1 mM Glutamax, 1% Nonessential Amino Acids, 0.1 mM bmercaptoethanol, 1% penicillin and streptomycin (Life Science Technology, Inc.)], 1% ITS (Sigma-Aldrich) supplemented with Activin A (50 ng/mL), BMP4 (50 ng/mL, Sigma), then basic fibroblast growth factor (50 ng/mL), and vascular endothelial growth factor (40 ng/mL; Invitrogen). The cells are then sorted for CD31+/CD34+ vascular progenitors by FACS. Sorted cells are expanded in SMC growth medium (Invitrogen) to yield pSMCs. The subset of these precursor cells are allowed to terminally differentiate to mature SMCs for further characterization and functional tests. pSMC are characterized by staining for a-SMA, CNN1, SM22a, smoothelin, and desmin. Ki67 staining is used to show proliferation [24] . Terminal SMCs are characterized by staining for myosin heavy chain and elastin and also by contraction assay. Contractions are induced by treating the cells with 100 mM Carbachol (Sigma-Aldrich). Images are recorded every minute for 10 min on a Nikon BioStation IM (Nikon; www.nikon.com) [22] .
Implantation of human pSMCs into rodents
The animals are anesthetized with 1%-3% isoflurane. To examine human pSMC survival in vivo, 1 million luciferasetagged pSMCs in 50 mL of Matrigel (50%) are injected directly into the adductor longus muscles of five SCID mice and imaged for 3 months. To examine the effect of pSMCs on the restoration of urethral function in SUI rats, cells suspended in 100 mL of smooth muscle growth supplement (Life Technologies) are injected periurethrally three weeks after urethrolysis. We use a commercial, terminally differentiated human SMC line (passage 7; LONZA) for comparison with the pSMC treatment. A total of 2 · 10 6 cells suspended in the respective medium are injected into each urethra. The sham treatment SUI rat (urethrolysis plus ovariectomy) is injected with saline only.
Two experiments were performed, one testing pSMCs derived from hESCs H9 line (H9-pSMC) and another testing pSMCs derived from human iPSC (iPSC-pSMC) and EpiiPSC lines (Epi-iPSC-pSMC). Rodent experimental groups are shown in Table 1 .
In vivo bioluminescence imaging of transplanted pSMCs
Luc-tagged pSMCs (2 · 10 6 ) are injected into the urethral sphincter region of the RNU rats or the hind leg of SCID mice for in vivo cell tracking. Transplanted cell survival is longitudinally monitored through bioluminescence imaging (BLI) using the Xenogen In Vivo Imaging System (Caliper Life Sciences). In brief, d-luciferin (BIOSYNTH INTER-NATIONAL, Inc.) is administered intraperitoneally at a dose of 375 mg/kg of body weight 15 min before image acquisition. Animals are placed in a light-tight chamber, and photons emitted from luciferase-expressing cells are collected with integration times of 2 min. BLI signal is quantified in maximum photons/s/cm per steradian and presented as Log 10 (photons/s). To examine the viability of transplanted cells in the sphincter urethra of rats or the hind leg of mice, the images are obtained every 2 days until disappearance of signals, then once per week for 5 weeks or 3 months, respectively.
Double immunofluorescence staining
The cryostat sections of mouse hind leg muscle are prepared and fixed as described previously [25] . The slides are treated with 0.25% Triton X-100 in phosphate-buffered saline (PBS) for 10 min at room temperature. After washing with phosphate-buffered saline with 0.01% Tween 20 (PBS-T)-(0.01% Tween in PBS) and blocking with 1% bovine serum albumin in PBS-T, the slides are double stained with 1/50 rabbit anti-smoothelin (Santa Cruz Biotechnology) and 1/50 mouse anti-human nuclei (HuNu; EMD Millipore Corporation) primary antibody at 4°C overnight. Then after washing, the slides are incubated with1/100 mouse anti-rabbitimmunoglobulin G (IgG)-fluorescein isothiocyanate and 1/100 goat anti-mouse-IgG-tetramethylrhodamineisothiocyanate (Sigma) at room temperature for 1 h in a dark chamber. The slides of non-cell injected hind leg muscle from the same mouse are used as negative controls. The 4¢,6-diamidine-2-phenylidole is used to stain the nuclei. After rinsing and mounting, the slides are examined with a fluorescence microscope.
Suprapubic bladder catheter implantation
Five weeks after injection, rats are anesthetized for leak point pressure (LPP) measurements. A suprapubic incision is made and the bladder exteriorized from the abdominal cavity. A small incision is made in the dome of the bladder and a polyethylene catheter (PE-50 tube with a flared tip) (Becton Dickinson) is inserted into the bladder. The catheter is connected through a three-way stopcock to a syringe for filling with physiological saline and to a pressure transducer (TSD 104A; BIOPAC Systems, Inc.) for monitoring bladder pressure.
Baseline measurement of urethral sphincter electromyography
The 0.003¢¢ platinum-iridium wire electrodes (A-M Systems) are inserted into the mid urethra bilaterally near the urethral meatus using a 25 G 5/8¢¢ syringe needle (BD Bioscience; Fig. 1 ). Electromyography (EMG) activity is recorded with a MP150 system (BIOPAC Systems). All EMG signals are recorded at 1,000 Hz and analyzed with the AcqKnowledge 3.9.1 software (BIOPAC Systems). We calculate the average rectified EMG [average rectified value (ARV)], which is defined as a time-windowed mean of the absolute value of the signal. ARV is one of the processing methods used to construct derived signals from raw EMG data and it is a measurement that can be used to analyze EMG data [26, 27] . Three randomly selected ten-second segments at baseline bladder pressure are averaged to arrive at the mean of ARV. Epi-iPSC, episomal vector reprogrammed PSC; pSMC, smooth muscle precursor cell; iPSC, induced pluripotent stem cell.
FIG. 1.
Position of the electrodes for urethral sphincter EMG measurements. Electrodes are placed at the midurethra bilaterally, but inserted externally. EMG, electromyography.
Vertical tilt table LPP measurement
Vertical tilt table LPP test is performed according to a previously described method [28] . Investigators performing LPP are blinded to the group assignment of each animal. Spinal cord transection is performed at the T8-T9 level to eliminate spontaneous bladder activity in response to increasing intravesical pressure. The rats are mounted on a tilt table and placed in a vertical position. The bladder catheter is connected to a 50-mL syringe (reservoir), which is fixed onto a metered vertical pole. Intravesical pressure is elevated by raising the height of the reservoir gradually, by 2-3 cm increments every 2 min starting from 0 cm, until urinary leakage is observed. The pressure at which leakage occurs is recorded as the LPP. The average of three consecutive LPPs from each rat is used for data analysis.
Data statistical analysis
Quantitative values are presented as the mean -standard error. JMP pro 10.0.2 software (SAS Institute, Inc.) is used for statistical analysis. Nonparametric comparisons for each pair are performed using the Wilcoxon Method, with P < 0.05 indicating a significant difference between groups.
Results
Characterization of terminally differentiated SMC
Our differentiation protocol successfully differentiated pSMCs from human PSC lines (both hESCs and iPSCs). Immunofluorescence staining revealed robust expression of SM22a, a-SMA, CNN1, smoothelin, and desmin in pSMCs. Terminal SMCs were characterized and exhibited expression of myosin heavy chain and elastin. Over 50% of cells contracted with carbachol stimulation consistent with human aorta SMCs (data not shown). Karyotype analysis revealed normal chromosomes in both iPSC lines, confirming that the genetic reprograming did not cause significant genetic aberrations.
In vivo tracking of fluc-tagged pSMC
Rats with periurethral injection of 2 million Fluc-tagged pSMCs showed a strong BLI signal in the urethral region 20 min after injection confirming site-appropriate injection (Fig. 2) . BLI signal in the periurethral region of the SUI rats disappeared after 9 days. This may be due to cell attrition to a level below the detection level of BLI technique. This is because the RNU rat is not completely immunodeficient, thus causing the transplanted human cells to undergo attrition over time. Therefore, we used SCID mice to further examine cell survival and integration in vivo. Additionally, the deep location of the rat urethra decreases the intensity of the BLI signals. The SCID mouse is severely immunodeficient and injection into the hind leg, which is superficial, allows for better detection of the BLI signal. BLI signal of iPSC-pSMCs injected into the hind leg of the SCID mice persisted for 20-43 days. Re-emergence of the BLI signal was observed and the signal persisted for at least 88 days when the experiment was terminated (Fig. 3) . Cells in the skeletal muscle of the SCID mouse stained positive for HuNu (protein) and human smoothelin (a SMC protein) confirmed persistence of human SMCs in vivo (Fig. 3) .
H9-pSMC efficacy experiment
Average LPP value of the sham saline injection group was significantly lower (N = 10, mean = 15.52 -1.09 cm H 2 O) than intact controls (N = 13, mean = 18.75 -0.96 cm H 2 O, P < 0.05) 8 weeks after urethrolysis, confirming persistence of SUI in the model. The average LPP value of the bladder SMC group (N = 11, mean = 18.95 -1.04 cm H 2 O) was significantly higher than that of the sham saline group (P < 0.05). LPP value of the H9-pSMC treatment group was higher than that of the saline sham group, although the difference was not significant. There was also no difference in LPP between the H9-pSMC treatment group (N = 22, mean = 16.66 -0.74 cm H 2 O) and intact controls (Fig. 4) . The group treated with human SMCs showed significant improvement in LPP compared to the sham saline group. Two outlier LPP values (22 cm of H 2 O and 2.3 cm of H 2 O) were deleted in the sham saline group. It is not uncommon for RNU rats to have variable anatomy due to inbreeding [29] . Therefore, extremes in measurements are likely to reflect anatomic variance and may skew the data abnormally.
iPSC-pSMC efficacy experiment
SUI models again demonstrated persistence of SUI throughout the experiment according to the LPP comparison between the intact control group (N = 13, mean = 17.67 -1.11 cm H 2 O) and sham saline group (N = 14, mean = 14.16 -1.07 cm H 2 O, P < 0.05). Epi-iPSC-pSMC treatment group had significantly
FIG. 2. 2 · 10
6 Fluc-tagged-H9-pSMC were transplanted into the urethra of the Rowett Nude rat and monitored by BLI. The BLI signal was strong on the day of transplantation and gradually became weaker until day 9, when no signal was detected. BLI, bioluminescence imaging; pSMC, smooth muscle precursor cell.
higher LPP value (N = 9, mean = 19.4 -1.33 cm H 2 O) compared to sham saline group (P < 0.05). LPP value of iPSC-pSMC group was also significantly higher (N = 8, mean = 18.45 -1.41 cm H 2 O) than the sham saline group (P < 0.05, Fig. 5 ). Extreme outlier LPP values were also observed in each group, including in intact controls. These outliers were removed from our data analysis because of concerns related to anatomic variability.
Baseline EMG activities of the urethral sphincter EMG activity represents the motor unit potential of the sphincter muscle. SMCs have resting EMG, therefore, the recorded EMG activity includes that of both skeletal and smooth muscles [30] . EMG measurements can provide information about the integrity of innervation and the condition of neuromuscular junctions and myofibers [31] . The average rectified EMG (ARV) reflects the compound action potential amplitude level. The greater the amplitude of the ARV, the greater the number of excited muscle cells. ARVs were used to compare EMG activity between the experimental groups (Fig. 6) . ARV in the control group (N = 11, mean = 0.000383 -0.00008 mV) was significantly higher than in the sham saline group (N = 12, mean = 0.00017 -0.000076 mV, P < 0.05) and bladder SMC group (N = 11, mean = 0.000185 -0.00008 mV, P < 0.05). This is consistent with the surgical neuromuscular injury the sham saline and bladder SMC groups experienced.
Although the ARV for the H9-pSMC treatment group (N = 22, mean = 0.000299 -0.000056 mV) appeared higher than the sham saline group, the difference was not statistically significant (Fig. 7) . EMG data from all but two rats in the control group were available for analysis. Data loss was due to software issues.
Both Epi-iPSC-pSMC treatment group (N = 10, mean = 0.000158 -0.000031 mV) and iPSC-pSMC treatment group (N = 6, mean = 0.000119 -0.00004 mV) showed higher ARV trends compared to the sham saline group (Fig. 8) . ARV data of four rats in the sham saline group and three rats in the iPSC-pSMC group were lost because data were not archived correctly in the system.
Overall, we found that placement of the wire electrodes in the rat periurethral region was difficult and unreliable.
Discussion
Urethral sphincter muscle, connective tissue, neural, and vascular support are responsible for maintaining continence [32] . The smooth muscle component has been documented to be an important contributor to urethral pressure recovery and leakage prevention in animal studies [33] . It is thought that the internal urethral sphincter, which consists of SMCs, is an important contributor to urinary continence. Weakening of this area due to injury or loss of cells from aging is associated with moderate to severe incontinence [34] [35] [36] . Current therapies do not address restoration of SMCs in the urethral sphincter. In recent years, SC-based regenerative medicine has shown promising effects on the recovery of human sphincter dysfunction or injury. In these studies, implanted SCs were urine derived [13] or adult muscle biopsy derived [37] , which consisted of heterogeneous cells with small numbers of SC subpopulations. Hence, the effect for SUI recovery was generated by a mixture of cells with variable differentiation and renewal potential. It is impossible to correlate the efficacy for functional regeneration of the urethral sphincter to specific cell types. In this study, we used a pure population of pSMCs differentiated from human PSCs, hESC, and iPSC, to investigate its effect on SUI recovery.
In both of our experiments (using H9-and iPSC-pSMCs), LPP was significantly lower in the sham saline (surgery + saline injection) group compared to intact controls, confirming persistence of SUI in our animal model throughout the experimental period. While there was no significant difference between the H9-pSMC treatment and the sham saline group, LPP was higher in the former and trended toward that of intact controls, suggesting restoration of urethral function. Data from the iPSC-pSMC experiment did show significant improvement in LPP for both iPSC-pSMC and Epi-iPSC-pSMC treatment groups compared to the sham saline group. Because LLP measurements are prone to observer bias, the researchers in this study were blinded to the rat treatment groups.
We note that a change in cell processing protocol may have contributed to the lack of significance in the H9-pSMC study. The H9-pSMCs were freshly thawed before transplantation. Whereas, cells for the iPSC-pSMC study were allowed to recover in culture for 2 days after thawing and before transplantation. This could have contributed to improved in vivo performance in the iPSC experiment. Another potential source of variability relates to the RNU rats. They are known to have variable anatomy due to inbreeding [29] . This can account for the extreme outlier values seen even in the control group. To minimize this effect, we deleted the extreme outliers in our analysis.
Bladder SMCs as a source of SMCs for bladder tissue regeneration has been studied [38] [39] [40] [41] . The bladder SMCs and urothelial cells were reported to contribute to the development of bladder smooth muscle [42] . However, biopsy barriers and severe fibrosis were significant issues. We used bladder SMCs to explore whether transplantation of terminally differentiated SMCs can restore urethral function in our SUI rat model. In our study, LPP was significantly higher with bladder SMCs treatment compared to the sham saline injected rats, confirming that replacement of SMCs restores function. However, autologous bladder SMC transplantation and autologous muscle-biopsy SC therapies share similar limitations, including biopsy barriers, ability to harvest sufficient number of cells, limited cell expansion capabilities, and cell senescence.
EMG activity has been used to assess sphincter function [30, 43] and evaluate its regeneration in some studies involving autologous muscle progenitor cell and periurethral skeletal myofiber treatment [44, 45] .
Therefore, we included EMG measurements as an adjunct to our LPP data. Our primary outcome measure is LPP. In our study, pSMC-treatment groups showed increases in ARV, but the differences were not significant compared to the sham saline group. Our LPP data does not agree with the EMG data. We believe this is due to the high variability of this methodology and the loss of data related to technical issues. The rat urethral sphincter measures roughly 1 cm in length, which makes it difficult to insert electrodes externally into the same area reproducibly (Fig. 1) . Thus, inadequate EMG activity or excessive crosstalk from other muscles can cause high variability [46] . We did not use the EMG activity at leak point because that measurement is subject to even more uncertainty (Fig. 6A) . The high variability makes EMG unsuitable as a measurement method for studies involving many animals. Our experience agrees with other publications, where LPP is used as the primary measurement method to assess urethral function.
There are several possible ways in which pSMCs may restore urethral function: (i) differentiation of pSMCs into functional SMCs, (ii) pSMCs may persist in the urethra acting as a bulking agent, and/or (iii) autocrine and/or paracrine effects of secreted cytokines that induce proliferation of rat urethral sphincter muscles [47] or extracellular matrix. According to the BLI tracking of pSMCs in vivo, signals disappeared in all rats after 9 days, suggesting that there was significant attrition of the transplanted pSMCs 1 week postinjection. Perhaps the pSMCs could not survive the stress of transplantation or they were eliminated by the incompletely suppressed immune system of the RNU rats. However, given the LPP results, it is possible that a small population of pSMC, too low to be detected by BLI, was able to expand and continue to differentiate into terminal SMCs. To test this hypothesis, we conducted a cell integration study using SCID mice. This type of mouse is severely immunodeficient. We also injected into a muscle area that is more superficial to increase ability to detect the BLI signal. Our data confirm survival of pSMCs in vivo up to 88 days and further in vivo differentiation into SMCs. Hence, cell integration is part of the pSMC mechanism of action post transplantation. We are currently conducting studies to examine the paracrine effects of pSMCs.
Conclusion
This is a translational study that explores a unique SC source for SMC regeneration. Currently most therapies for muscle replacement focus on skeletal muscle regeneration through adult mesenchymal stem cells. There are no treatments that target replacement of SMCs, which are a significant component of many organs. The positive trend in LLP with hESC, H9-pSMC transplant, and significant improvements in LLP with iPSC-pSMC transplant, in conjunction with evidence of longterm cell integration, suggest that human PSC-derived pSMCs can restore urethral sphincter function. These findings open up the possibility of using PSCs for urologic conditions, where large numbers of SMCs are needed to restore function.
